The mutual control of dielectric/ferroelectric properties by magnetic fields and magnetism by electric fields, known as the magnetoelectric (ME) coupling effects, has a great potential for many applications[@b1][@b2][@b3]. Promising candidate materials allowing the ME effects are multiferroic material in which magnetic and electric orders coexist. While the past decade has seen an extensive search for multiferroic materials in inorganic compounds and composites[@b4][@b5][@b6][@b7], organic multiferroics have been rarely found. Only recently, a few examples of coexisting electric and magnetic orders in hybrid organic-inorganic materials such as metal-organic frameworks (MOFs) have been reported[@b8][@b9][@b10][@b11]. MOFs are ordered crystalline structures composed of inorganic metal ions and organic linkers[@b12][@b13][@b14]. They are known to show diverse physical and chemical properties arising from the porous structure as well as the organic-inorganic duality[@b15][@b16][@b17][@b18][@b19][@b20][@b21][@b22]. In particular, the MOFs with the ABX~3~ perovskite-like structure are of great interest because the variable A and B components provide plenty of room for adjusting the magnetic and electric properties in a simple crystalline structure. In 2009, Jain *et al.* reported a multiferroic behavior in a family of perovskite MOFs[@b8]. This finding has stimulated considerable experimental and theoretical efforts to search for new multiferroic materials in MOFs[@b9][@b10][@b11][@b23][@b24][@b25][@b26][@b27][@b28][@b29][@b30]. However, the cross coupling between magnetic and electric orders in MOFs, an extremely important feature required for applications, has not been verified in previous studies, which has casted doubt on the promise of organic multiferroics.

In this work, we present strong experimental evidences of cross coupling between electric and magnetic orders in an iron-based multiferroic MOF \[(CH~3~)~2~NH~2~\]Fe(HCOO)~3~ (Fe-MOF). Both the direct and converse ME effects have been clearly demonstrated in the multiferroic state. These results open up new insights on the origin of muliferroics in perovskite MOFs.

Results
=======

Structural characterization of the Fe-MOF
-----------------------------------------

The multiferroic MOF reported here has a formula of \[(CH~3~)~2~NH~2~\]Fe(HCOO)~3~ with a ABX~3~ perovskite structure. The top and side views of the crystalline structure of the Fe-MOF are shown in [Fig. 1a and 1b](#f1){ref-type="fig"}, respectively. The metal cations (B = Fe^2+^) linked by the formate groups (X = HCOO^−^) form the BX~3~ skeleton, and the dimethylammonium (DMA) cations (A = \[(CH~3~)~2~NH~2~\]^+^) occupy the cavities. The amine hydrogen atoms of DMA^+^ shown in [Fig. 1c](#f1){ref-type="fig"} can form hydrogen bonds with the oxygen atoms of the formate groups. We have prepared single-crystal samples of the Fe-MOF by solvothermal condition method. Powder X-ray diffraction (XRD) pattern at room temperature shown in [Fig. 1d](#f1){ref-type="fig"} confirmed the structure and phase purity of the synthesized samples. The single-crystal XRD pattern (the inset of [Fig. 1d](#f1){ref-type="fig"}) suggests that the crystals are naturally grown layer by layer along \[012\] direction.

Coexistence of electric and magnetic orders in the Fe-MOF
---------------------------------------------------------

The dielectric constant and dielectric loss along \[012\] direction of the Fe-MOF as a function of temperature are shown in [Fig. 2a and 2b](#f2){ref-type="fig"}, respectively. A dielectric phase transition, as evidenced by the pronounced peaks in the dielectric constant and loss tangent, is observed at T~C~ \~ 164 K. The strong frequency dependence of the dielectric peaks indicate a relaxor nature of the electric ordering. In order to clarify the nature of this dielectric transition, we have performed the pyroelectric current measurements. As seen in [Fig. 3a, a](#f3){ref-type="fig"} small pyroelectric peak is observed at the dielectric phase transition temperature. The obtained electric polarization along \[012\] ([Fig. 3b](#f3){ref-type="fig"}) is \~18 μC/m^2^, suggesting a weak ferroelectricity below T~C~ \~ 164 K.

In addition to ferroelectric ordering, this perovskite Fe-MOF also exhibits magnetic orders at low temperature. [Fig. 2c](#f2){ref-type="fig"} shows the magnetization along \[012\] as a function of temperature measured after a zero-magnetic-field cooling (ZFC) process. Two magnetic transitions can be identified: one at T~N~ \~ 19 K and another around T~B~ \~ 10 K. A careful study has suggested that there is a magnetic phase separation in this perovskite Fe-MOF[@b21]. Accordingly, the sharp transition at T~N~ is due to the onset of a spin canted antiferromagnetic ordering, and the drop of the ZFC magnetization below T~B~ is due to the blocking of single-ion quantum magnets. As seen in [Fig. 2d](#f2){ref-type="fig"}, just at the magnetic ordering temperature *T~N~*, the dielectric constant rises up. This coincidence between magnetic ordering and dielectric anomaly, as observed in many inorganic magnetoelectric multiferroics, has been generally considered as a strong evidence for ME coupling[@b31][@b32].

The magnetoelectric effects in the multiferroic state
-----------------------------------------------------

To further testify the coupling between electric and magnetic orders in the Fe-MOF, we studied the magnetic field dependence of the dielectric constant along \[012\]. As shown in [Fig. 4a and 4b](#f4){ref-type="fig"}, the dielectric constant is apparently suppressed by external magnetic fields in the multiferroic state below T~N~. At 10 K, it decreases linearly with increasing magnetic field. In contrast, at 30 K (i.e., above T~N~), the influence of magnetic field is almost negligible. These results prove that the ME effect happens mainly in the magnetically-ordered (multiferroic) state.

After demonstrating the direct ME effect, we then explored the converse ME effect (electric field control of magnetism) in the Fe-MOF. Firstly, we compared the *M-T* curves with and without electric-field poling. In these measurements, the sample was cooled from 300 to 2 K in zero magnetic field, and the magnetization was recorded with warming. The electric-field poling was performed as follows: an electric field was applied along \[012\] at 200 K during the cooling process and removed at 2 K. As shown in [Fig. 4c](#f4){ref-type="fig"}, the magnetization in the multiferroic state is apparently altered by electric-field poling, evidencing the converse ME effect. Secondly, we compared the *M-H* isotherms at 5 K with and without electric-field poling. As shown in [Fig. 4d](#f4){ref-type="fig"}, the difference between two isotherms is pronounced, especially in low magnetic fields. These results confirm that the electric field control of magnetization can be realized in this multiferroic Fe-MOF.

Discussion
==========

Our experimental results provide clear evidences for the cross coupling between electric and magnetic orders in the perovskite Fe-MOF. These findings suggest us to reconsider the mechanism of multiferroics in perovskite MOFs. In early viewpoints, the magnetic and electric ordering in multiferroic MOFs were considered to originate separately: the former is simply due to the superexchange interaction through the B-X-B path, and the latter is solely due to the order-disorder transition of the organic A-groups[@b8][@b9][@b10][@b33][@b34][@b35]. As the magnetic and ferroelectric ordering develops independently at different sites, a cross coupling between them would not be expected. However, our experimental findings do not support these arguments. In fact, some of us performed theoretical simulations on several MOFs and showed that non-polar distortions in the BX~3~ framework can induce polar distortions on the A-group molecules, compatible with a ferroelectric behavior[@b23][@b27][@b28]. These results suggest that the ferroelectric/antiferroelectric ordering in perovskite MOFs could have a "hybrid" nature involving both the A-group organic cations and the B-site metal ions. This hybrid nature is more prominent when the metal ion is a Jahn-Teller ion and the A-group molecule is a non-polar cation[@b23][@b27][@b28]. In this case, the magnetic and electric orders are coupled and the ME effects would be expected. Due to the lack of detailed information on the crystal structure at low temperature in the multiferroic state, a quantitative calculation of the ME coupling in the present Fe-MOF are not yet available, but it is reasonable to expect that a ME coupling would have a similar "hybrid" nature in this case, i.e., arising from distortions in the BX~3~ framework and dipolar effects on the A-group, coupled by hydrogen bond networks. It is important to note that, however, both direct and converse ME effects experimentally shown in the Fe-MOF are qualitatively consistent with previous theoretical predictions[@b23][@b27][@b28].

In conclusion, we have observed both direct and converse ME effects in the multiferroic state of a perovskite Fe-MOF. These findings verify our theoretical predictions that ferroelectricity in some perovskite MOFs has a "hybrid" nature involving both the A-group organic cations and the B-site magnetic ions. Thus, a cross coupling between electric and magnetic orders becomes possible in multiferroic MOFs. Our work highlights the promise of the perovskite MOFs as a new type of magnetoelectric multiferroics beyond inorganic materials.

Methods
=======

Sample preparation and x-ray diffraction
----------------------------------------

Hydrothermal method have been used to grow single crystals of \[(CH~3~)~2~NH~2~\]Fe(HCOO)~3~. Firstly the solution containing 5 mmol FeCl~2~·4H~2~O, equal volume of deionized water and dimethylformamide (DMF) of 65 ml, is put in a 100 ml polytetrafluoroethylene-lined hydrothermal synthesis reactor, heating for 3 days at 140°C. Then the supernatant is removed to a round-bottom flask for crystallization by the method of slow evaporation at room temperature for 5 days. At last, we remove the crystals from the mother liquid, wash them with ethanol for 3 times, and then store them in Ar protective atmosphere. Powder and single-crystal X-ray diffraction measurements were performed at room temperature using a X-ray diffractometer (Rigaku 2000) with Cu K~α1~ radiation (λ = 1.5406 Å).

Magnetic and electric measurements
----------------------------------

Magnetic properties were measured with a superconducting quantum interference device magnetometer (Quantum Design MPMS). Electric field was applied on the sample by introducing two Cu wires in a standard sample probe. Dielectric constant was measured with a Agilent 4980 LCR meter in a Cryogen-free Superconducting Magnet System (Oxford Instruments, TeslatronPT) with a home-made probe. For the pyroelectric measurements, the sample was poled in a positive or negative electric field of 5.4 kV/cm from 180 to 2 K. After removing the poling electric field and releasing space charges for at least 30 minutes, the pyroelectric current was recorded with warming at a constant rate of 2 k/min. All the magnetic and electric measurements were performed along the \[012\] direction of single-crystal samples.
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![Structural characterization of \[(CH~3~)~2~NH~2~\]Fe(HCOO)~3~.\
(a) Side and (b) top view of the crystalline structure. (c) The A-group cation (DMA^+^). (d) Powder x-ray diffraction patteren of prepared samples at room temperature. The inset shows the single crystal x-ray diffraction pattern.](srep06062-f1){#f1}

![Coexistence of electric and magnetic orders in the Fe-MOF.\
(a) The dielectric constant and (b) the dielectric loss as a function of temperature. A dielectric phase transition is observed at *T~C~* \~ 164 K. (c) The magnetization as a function of temperature. A magnetic ordering is observed at *T~N~* \~ 19 K. (d) The dielectric constant rises up just at *T~N~*, indicating a magnetoelectric coupling.](srep06062-f2){#f2}

![Weak ferroelectricity in the Fe-MOF.\
(a) The pyroelectric current as a function of temperature along \[012\]. The sharp pyroelectric peak signals a ferroelectric transition. (b) The electric polarization along \[012\] obtained by integrating the pyroelectric current with time as a function of temperature. The value is an average of positive and negative poling.](srep06062-f3){#f3}

![The magnetoelectric effects in the multiferroic state.\
(a) The dielectric constant as a function of temperature measured in different magnetic fields. (b) The magnetodielectric ratio as a function of magnetic field at 10 and 30 K.(c) The magnetization as a function of temperature with and without electric-field poling. (d) The *M-H* curves at 5 K with and without electric-field poling.](srep06062-f4){#f4}
